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Abstract 

A novel gas ionization sensor using Pd nanoparticle-capped ZnO (Pd/ZnO) nanorods as the anode is proposed. 
The Pd/ZnO nanorod-based sensors, compared with the bare ZnO nanorod, show lower breakdown voltage for 
the detected gases with good sensitivity and selectivity. Moreover, the sensors exhibit stable performance after 
more than 200 tests for both inert and active gases. The simple, low-cost, Pd/ZnO nanorod-based field-ionization 
gas sensors presented in this study have potential applications in the field of gas sensor devices. 



1. Introduction 

Gas sensors have attracted considerable attention in 
recent years because of their huge potential applications, 
such as pollution detection, environment protection, gas 
detection for counter-terrorism, etc. [1]. There are two 
types of gas sensors, chemical type operated by gas 
adsorption-desorption and physical type operated by 
field ionization. In different gas varies and concentra- 
tions atmosphere, the chemical type gas sensor can 
detect the modifications of the electronic properties in 
the active layer, such as carbon nanotubes (CNTs) [2-4], 
porous silicon [5], and metal oxides [6]. However, the 
application of the chemical type gas sensor is limited by 
several disadvantages, such as the potential difficulties in 
detecting gases with low adsorption energies, the high 
working temperature (except for the CNTs based sen- 
sors), and the higher power consumption. 

Recent efforts have been directed to the physical type 
of gas senor based on the field ionization, which works 
by fingerprinting the ionization characteristics of distinct 
gases. This type sensor can detect gases regardless of 
their adsorption energies. A novel physical gas sensor 
based on CNTs has been demonstrated with low break- 
down voltage due to its extremely sharp radii [7,8]. This 
sensor can detect many gases, such as Air, He, Ar, and 
gas mixtures, by the strong electric fields generated at 
the tips to strip electrons from the various gas mole- 
cules [7]. However, the CNTs show poor stability 
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because it could easily be oxidized and degraded in the 
oxygen-contained atmosphere [9,10]. 

Recently, gas ionization sensors using a sparse array of 
vertically aligned gold nanorods as substitutes for CNTs 
have successfully been prepared for the first time 
[11-14]. Owing to the chemical stability of one-dimen- 
sional ZnO (ID ZnO) nanowires at room temperature, 
they also have been used for stable field-ionization gas 
sensors instead of CNTs [10]. However, ID ZnO nanos- 
tructures with relatively smooth surface and larger tip 
radii, compared with CNTs, need higher breakdown vol- 
tage. Therefore, the modification of the surface of ID 
ZnO nanostructures to obtain lower breakdown voltage 
is one of the key issues for gas sensor applications. In 
this study, we introduce a physical gas sensor using pal- 
ladium (Pd) nanoparticle-capped ZnO (Pd/ZnO) nanor- 
ods as the anode. The results show that the breakdown 
voltage decreases for the Pd/ZnO nanorod-based sensor, 
compared with the bare ZnO nanorod. This study inves- 
tigates the potential applications of such physical ioniza- 
tion gas sensors. 

2. Experimental section 

ZnO nanorods were grown on silicon substrates through 
a reactive vapor deposition method as reported in detail 
elsewhere [15]. The Pd nanoparticles were deposited by 
a dc sputtering system at a fixed current of 40 mA for 
120 s. The morphology of ZnO nanorods was character- 
ized by a Sirion FEG scanning electron microscopy 
(SEM) and JEM-2010FET transmission electron micro- 
scope system operated at 200 kV, respectively. All the 
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data were obtained from the same ZnO nanorods sam- 
ple, which was cut into two pieces before Pd sputtering. 

Schematic illustration of the ZnO nanorod-based gas 
sensor device is shown in Figure la. It consists of two 
electrodes, anode (ZnO nanorods) and cathode (Al 
plate). An insulated plastic thin film was used to adjust 
the distance between the two electrodes. In this experi- 
ment, the space distance is set to 500 \im and the effec- 
tive area is 0.5 x 0.5 cm 2 . The voltage of the two 
electrodes can be varied from 0 V to 20 kV (DW-P203), 
and the current is measured by a multimeter (Mastech 
MS8040). Prior to experiment, the base pressure of the 
chamber was pumped to 1 x 10~ 4 Pa. 

3. Results and discussion 

Figure lb shows the top view SEM image of the bare 
ZnO nanorods. The ZnO nanorods have a diameter of 
30-40 nm and length of 1 [im. Figure lc, d shows the 
typical individual bare ZnO nanorods and Pd/ZnO 
nanorods with Pd capping by 120 s sputtering, respec- 
tively. It is clearly seen that the bare ZnO nanorod has a 
rather smooth surface and the surface of Pd/ZnO 
nanorod is distributed with Pd nanoparticles with dia- 
meters of about 5 nm. 

The device was first tested in air under 100 Pa with 
anode-cathode separation of 500 [im using bare ZnO 
and Pd/ZnO nanorods (Figure 2a). A continuous current 
discharge of 273 \iA was generated for the bare ZnO 
nanorods at 363 V, whereas a higher current of 341 [iA 
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Figure 1 (a) Schematic diagram of the ZnO nanorod-based gas 
sensor device, (b) SEM image of ZnO nanorods. TEM images of 
the nanorods: (c) Individual bare ZnO nanorod and (d) Pd/ZnO 
nanorod with Pd capping by 120 s sputtering, respectively. 
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Figure 2 Current-voltage (l-V) curves of the senors. (a) l-V 

curves of the gas sensors using bare ZnO and Pd/ZnO nanorods 
and (b) l-V curves of Pd/ZnO nanorod-based sensors for Ar, He/CH 4 , 
Air, and N 2 , showing distinct breakdown voltage, (c) The stability 
tests of Pd/ZnO nanorod-based sensors for air and Ar. 



was observed at a lower breakdown voltage of 341 V 
using Pd/ZnO nanorods. The same test was also carried 
out by replacing ZnO nanorods with Al plate and the 
breakdown voltage occurred at 1532 V with a current 
discharge of 65 \iA (data not shown here). The results 
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show that by the use of Pd/ZnO nanorods as anode, 
compared with bare ZnO nanorod, the breakdown vol- 
tage of air was reduced. Besides that, the discharge cur- 
rent was also increased, indicating the high sensitivity of 
sensors using ZnO nanorods. This is because the Pd 
nanoparticles act as the role of protuberances on the 
smooth surface of nanorods, which can create higher 
nonlinear electric field at the top nanoparticles than 
other smooth surface. This speeds the occurrence of 
breakdown process [1]. 

Figure 2b shows the breakdown voltage of the sensor 
using Pd/ZnO nanorods for Ar, He/CH 4 (6096/40%), Air, 
and N 2 , respectively. All the tests were performed at 
room temperature and at a chamber pressure of 100 Pa. 
It can be seen that each gas exhibits a distinct break- 
down voltage: Ar shows the lowest breakdown voltage 
and N 2 displays the highest one. This precise breakdown 
voltage is a fingerprinting property for individual gas. 
The stability of sensor using Pd/ZnO nanorods was 
tested for air and insert gas of Ar, as shown in Figure 
2c. The breakdown voltages of both gases are main- 
tained up to 200 cycles without any significant change. 
It shows that the sensor exhibits much better stability 
than that of CNTs [10]. The good performance indicates 
that Pd/ZnO nanorods could be a better candidate for 
the field-ionization gas sensor. 

To study the effect of pressure on the electrical break- 
down behavior of Pd/ZnO nanorod-based sensor, tests 
were performed at different pressures (Figure 3). The 
effect of pressure on the breakdown voltage of Air, N 2 , 
He/CH 4 (6096/40%), and Ar is shown in Figure 3a. Note 
that the breakdown voltage of all the gases increases 
with decreasing pressure. This is because that the mean- 
free path of the electron is reduced at higher pressure. 
As a result, the higher energies are required for the elec- 
trons to make inelastic collisions which can lead to 
breakdown. However, the breakdown voltage increases 
slightly with increasing pressure. This is because that 
the electrical breakdown behavior is dominated by the 
nonlinear electric field. The same observation is also 
discussed for the sensor using ZnO nanowires [15]. Fig- 
ure 3b shows the discharge current at breakdown vol- 
tage as a function of pressure. Note that the discharge 
current varies nearly logarithmically with pressure over 
a wide range from 1 to 1000 Pa. This indicates that the 
discharge current at certain breakdown voltage is a 
characteristic property of the gas molecule density that 
contributes to the conduction. Therefore, the discharge 
current property provides a convenient way to quantify 
the gas pressure of the species that being detected. 

To study the ability of monitoring gas mixtures with- 
out the direct use of chromatography arrangement, the 
mixture of Ar in air was tested using ZnO nanorod- 
based sensors. Figure 4 shows the breakdown voltage as 
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Figure 3 Effect of gas pressure on electrical breakdown for the 
Pd/ZnO nanorod based sensor, (a) Breakdown voltage versus gas 
pressure, (b) Discharge current at breakdown voltage versus gas 
pressure. 
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Figure 4 Breakdown voltage of Ar in a mixture with air as a 
function of volume percentage under a constant 100 Pa 
pressure for the bare ZnO nanorod and Pd/ZnO nanorod- 
based sensors, respectively. 
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a function of the relative percentage of Ar in the Ar-air 
mixture under a constant 100 Pa pressure for both bare 
ZnO and Pd/ZnO nanorod-based sensors. For the mix- 
ture containing over 50% Ar, the breakdown voltage 
nearly equals that of pure He for both bare ZnO and 
Pd/ZnO nanorod-based sensors. As the relative percen- 
tage of Ar in air reduced, the breakdown voltage 
increases from 277 (for 50% Ar) to 325 V (for 2% Ar) 
for the bare ZnO. However, a smaller breakdown vol- 
tage increase from 247 to 296 V is observed for the Pd/ 
ZnO nanorods. This is because of the higher breakdown 
voltage of Air than Ar, which tends to impede the 
breakdown of Ar molecules. For both sensors below 2% 
of Ar in the mixture, the breakdown of Ar ceases and 
the breakdown voltage sharply rises. Similar results were 
also obtained for N 2 and He/CH 4 in a mixture with air. 
It indicates that Pd/ZnO nanorods, compared with the 
bare ZnO nanorods, show the same effective ability to 
quantify the concentration of different component in 
the mixture with a smaller breakdown voltage. 

4. Conclusion 

In conclusion, a novel field-ionization gas sensor using 
ZnO nanorods was demonstrated. The sensors using Pd 
nanoparticle-capped ZnO nanorods, compared with the 
bare ZnO nanorods, showed lower breakdown voltage. 
Besides that, the sensors showed good sensitivity and 
selectivity. Moreover, the breakdown voltage of Pd/ZnO 
nanorod-based sensors was maintained without any sig- 
nificant change during 200 cycle tests. The simple, low- 
cost devices presented in this study might be expected 
to expand the applications of gas sensor. 
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